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Excitations of the Xe 4d subshell to discrete np and continuum €f states have been studied by
photoemission. The resonant photoelectron spectra provide the first direct evidence that the emis-
sion of continuously distributed shakeoff electrons is one of the dominant decay modes of the
4d —np resonances. The same effect is proposed to account for the missing 4d intensity in the
4d —¢f shape resonance compared to the absorption cross section. The fraction of direct recom-
bination in the decay of the 4d —np resonances was determined quantitatively by partial cross-
section and branching-ratio measurements of the 5s and 5p main lines in the photon-energy range
from 60 to 70 eV. The modified Fano theory for partial cross sections was applied to nearly
Lorentzian-type profiles in order to derive partial decay widths. The decay into the 5s and 5p
photoemission channels amounts to less than 0.5% of the total decay rate. The 5p;,,:5p,,, branch-
ing ratio was measured over a broad range (17—140 eV) in order to test details of relativistic
random-phase approximation calculations concerning intershell correlations between the 4d and 5p
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subshells.

I. INTRODUCTION

Excitations of the Xe 4d subshell have attracted con-
tinuous interest during the last decades (see, e.g, Refs.
1—3 and references therein). Xe played, and still plays, a
key role in the elucidation of such basic phenomena as,
e.g., delayed onset, atomic shape resonances,**® interchan-
nel coupling, satellites, and threshold effects. The Xe 4d
excitations display both series of strong discrete 4d —np
resonances below threshold and a prominent 4d—e€f
atomic shape resonance above threshold. The suppression
of 4d —nf resonances and the existence of the shape reso-
nance result from a repulsive barrier of the effective po-
tential. The decay of the discrete and the continuum reso-
nances forms the focus of our study. The main questions
addressed are the following: (i) How strongly do shakeoff
processes participate? (ii) What is the contribution of
direct recombination or, in other words, how much
autoionization into the 5p and 5s continua is present?

Previous investigations, limited by low-energy resolu-
tion and low count rates, could only in part answer these
questions. In order to obtain better qualitative and quan-
titative answers we reexamined the Xe photoelectron spec-
tra for photon energies between 25 and 160 eV with spe-
cial emphasis on high-resolution measurements in the en-
ergy range of the discrete excitations.

II. EXPERIMENTAL

The experiment was performed with photons from
beamline D4.2 at the Hamburger Synchrotron-
strahlungslabor (HASYLAB) at Deutsches Elektronen-
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Synchrotron (DESY), which employs the 5.6-m toroidal
grating monochromator.® The monochromator was
operated with narrow slits in order to achieve a resolution
of about 160 meV comparable to the natural linewidths of
the 4d —np excitations under study.” The gas sample was
introduced into the experimental chamber via a capillary
tube. The Xe background pressure in the chamber was
about 2X10™* mbar. A differential pumping stage
separated the chamber from the beamline.

Photoelectrons and Auger electrons were analyzed with
a cylindrical mirror-type electron spectrometer. This in-
strument is insensitive to the angular distribution of pho-
toelectrons.® The electron spectrometer has a constant
resolution of 0.74% of the kinetic energy and its transmis-
sion is directly proportional to the kinetic energy. At
hv=65 eV and a typical photon flux of 10'° s~! we ob-
tained approximately 50 counts/s in the Xe 5p;,, pho-
toelectron line. The raw photoelectron spectra were
corrected for the analyzer transmission function 1/Ey;,.
Also, a small background of less than 2% of the maximal
intensity had to be subtracted. Figure 1 shows an example
of such a corrected spectrum. Fitting Gaussian profiles to
the photoelectron lines yielded the areas under the peaks
which in turn were used for the determination of the
branching ratios. Sample pressure changes were negligible
compared to the enhancement effect in the continuum.
Therefore, the 5p and 4d partial cross sections between 20
and 160 eV shown in Fig. 2 were determined from these
peak areas corrected by the photon flux being measured
via the photocurrent of a gold diode. The conversion of
this photocurrent into photon flux was based on the gold
yield reported by Gudat and Kunz.® The uncertainty in
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FIG. 1. 55, 5p, and 4d (second-order light) photoelectron
lines taken at a photon energy of 65.28 eV. The fitted curves
are Gaussian profiles used as the instrumental function for the
data analysis.

this normalization is the major problem in determining
the partial cross sections. The absolute scale for these
partial cross sections was establlshed by adjusting the 5p
cross section at 40 eV to 1.4 Mb.!°

The determination of the partlal cross sections in the
region of the discrete 4d —np resonances required an ad-
ditional step of normalization. This step was necessary
because the unmonitored sample pressure varied consider-
ably during the experiment compared to the small modu-
lations in the cross sections under study (see Fig. 7).
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Therefore, the 5p3,, Sp1,,, and 5s intensities were nor-
malized over the energy range of the 4d excitations to the
second-order light-induced 4d intensity (see Fig. 1), which
was assumed to vary smoothly with energy. The relative
partial cross sections determined in this way were put on
an absolute scale using the ionization-yield measurements
of Hayaishi et al.!> The sum of the 5p3,,, 5p;,,, and 5s
main lines was assumed to account for the majority of the
measured single-ion yield off-resonance at 63 eV.

III. RESULTS AND DISCUSSION

The discussion of the results is divided into four sec-
tions. The first addresses the importance of shakeoff pro-
cesses in the range of the shape resonance. The second is
concerned with the total partitioning of the decay of the
4d—np excitations into different channels, while the
third puts special emphasis on the contribution of direct
recombination to the decay of these resonances. Because
the second part required the recording of all photoelectron
peaks, it is based mainly on a few spectra taken on and be-
tween the strongest resonances. The results are basically
qualitative but permit us, in conjunction with previous ab-
sorption’ and ion-yield measurements,'? to put the evalua-
tion of the more detailed measurements of the third sec-
tion on a quantitative basis. The fourth section is con-
cerned with the behavior of the 5p;/,:5p,, branching ra-
tio in an energy range covering both the discrete and con-
tinuum resonances. These measurements serve as a test of
the quality and power of theoretical methods such as the
relativistic random-phase approximation (RRPA) to
describe details of the photoionization process.
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FIG. 2. Absorption cross section (Ref. 13) and the 4d (different sets of data: open circles, open diamonds), 5p (closed circles), and
5s (dot-dashed line representing data from Ref. 10) partial cross sections in the energy range of the 4d excitations. The theoretical
curves (dashed line) represent RPAE calculations for the 4d and 5p cross sections by Amusia et al. (Ref. 15). Due to the small sta-
tistical errors the shown error bars represent only the normalization uncertainty with respect to the 5p cross section.
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A. Shape resonance

Figure 2 shows the absorption cross section'’ in the en-
ergy range of the 4d excitations together with the 4d, 5p,
and 5s (Ref. 10) partial cross sections. The vertical bars
give the uncertainties due to the normalization to the pho-
ton flux. There are two interesting features in this figure
aside from the well-known structure of the sharp 4d —np
excitations and the broad 4d —€f shape resonance: (i) the
large difference between the absorption and the 4d cross
section above 90 eV and (ii) the intensity variation in the
outer-shell 5p and 5s cross sections.

For photon energies above 90 eV the 4d partial cross
section lies well below the total cross section. The small
5p and Ss cross sections cannot make up for the differ-
ence. The missing 4d intensity at the high-energy side of
the shape resonance demonstrates that additional pho-
toionization channels besides 4d, Sp, and Ss contribute
considerably. Two electron channels are obvious candi-
dates. Fahlmann et al.!' have reported an enhancement
of the 5s and 5p correlation satellites at the 4d threshold.
The total cross section of all these satellites between 60
and 80 eV lies below the Sp cross section, and this also
will hold for higher photon energies. This brings 4d-
shakeup satellites and double ionization due to shakeoff
transitions into focus.">!* Unlike the corresponding case
of Ba (Refs. 15 and 16) the Xe 4d —shakeup satellites con-
tribute less than 10%. The possible double-ionization
channels in this energy region are (a) 4d!%55%5p®
—4d'%(55 +5p)°+2¢ and (b) 4d'%5525p®—4d°(5s 4 5p)7
+2e. According to Wight and Van der Wiel!” the cross
section for outer-shell double ionization [channel (a)] is
smaller than the S5p cross section. Therefore, the simul-
taneous ionization of a 4d and a 5p(5s) electron [channel
(b)] accounts for most of the additional absorption. Based
on atomic data'® for Xe and Cs we estimate 90 eV for the
4d'95525p% 4d°5s%5p° +2¢ threshold. At this energy
the partial 4d cross section clearly starts to fall below the
total cross section. Our data are consistent with the Xe™,
Xert, Xe*+, and Xe** ion spectra reported by El-
Sherbini and Van der Wiel.!” From the Xe** and Xe’*
spectra these authors deduced an estimate for the strength
of the 4d°5525p®—4d°(5s +5p)"+2e channel. At 100-
eV photon energy they ascribed 20% of the total absorp-
tion cross section to this double-ionization channel. Our
value is close to 30% but both sets of data agree within
the error limits. For the determination of the partial 4d,
S5p, and 5s cross sections, West et al.®® used the data of
El-Sherbini and Van der Wiel'® to correct for double ioni-
zation. Their partial cross sections thus obtained agree
with ours within the error limits. Double ionization pro-
duces two electrons with a continuum of energies. With
our present experimental setup it is impossible to disen-
tangle the various double-ionization channels. But our
spectra clearly show an enhancement of the low-energy
electron continuum for photon energies above 90 eV. Sys-
tematic studies of this phenomenon form a challenge to
both experiment and theory. The second interesting
feature—the 5p and 5s enhancement in the shape reso-
nance region—has been predicted theoretically by Amu-
sia?! and generally experimentally by partial cross-section
measurements.”?® Our new set of measurements for the
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Sp cross section is in excellent agreement with calcula-
tions using the random-phase approximation with ex-
change (RPAE),>! which show strong interchannel cou-
pling among the 5p, 5s, and 4d channels. The intensity
variation of the Sp and 5s cross sections is on the order of
10% of the 4d intensity. This is a high amplitude com-
pared with the autoionization of the np-bound states into
the same channels as shown in the following subsections.

B. Decay channels of the 4d — np excitations

The decay of the Xe 4d —6p resonance has attracted
considerable experimental effort since the late 1970s in or-
der to distinguish among the different decay chan-
nels.?2~2* Most of the spectra taken for this purpose have
shown the dominance of satellite enhancement [in particu-
lar, of spectator transitions (the excited electron acts as a
spectator)] over autoionization into the 5p and 5s main
lines, also referred to as direct recombination. But here
we show for the first time the importance of resonant
shakeoff processes, also referred to as resonant double-
Auger processes, for the decay of the 4d —np excitations.
Other evidence for resonant shakeoff has been seen by
scanning the energy range of the analogous Kr 3d—np
resonances using a zero-volt electron spectrometer.?> Fig-
ure 3 shows the Xe photoelectron spectrum taken at the
4d —6p excitation at 65.1 eV. This spectrum has been
corrected for second-order light contributions primarily
due to 4d ! Auger decay. Due to the limited detection
efficiency of our analyzer at low kinetic energies, the in-
tensity integrated over this part of the spectrum only
represents a lower limit for the fractional contribution of
these processes. This lower limit is consistent with the
double-ionization yield of Hayaishi et al.'?> and measure-
ments performed very recently at  Berliner
Elektronenspeicherring-Gesellschaft fir Synchrotron-
strahlung m.b.H (BESSY) (Berlin, Federal Republic of
Germany).?® But the spectrum shows clearly the above-
mentioned contribution of continuously distributed shake-
off electrons to the decay of this resonance. The main-
line contribution to the total photoelectron intensity is less
than 10%, taking into account the reduced efficiency of
our detector for low kinetic energies. This can be directly
read off the curve in Fig. 3, giving the dispersion-
corrected photoelectron intensity integrated over kinetic
energy.

Figure 4 shows a principal-level scheme of Xe with ex-
citation and decay paths of the 4d —np resonances. The
designation of the peaks was taken from Southworth
et al.'® and Becker er al.?® Figure 5 shows a sequence of
corrected spectra taken at several energies on (65.1, 67.0,
and 68.3 eV) and between the most pronounced reso-
nances. These spectra are in good agreement with the
spectra shown by Southworth et al.?* but corroborate in
addition the explicit importance of shakeoff processes in
the decay of the 4d —np resonances. The general features
of the different resonant spectra are similar. But some
distinct differences can be seen—for example, the change
of the intensity distribution between the Ss5p35d('P)6p
(Ep=46.1 eV) and (P)6p (E5=45.8 €V) lines when rais-
ing the photon energy from 65.1 to 67.0 eV. The 5p and
5s main lines are almost unaffected by the resonances as
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FIG. 3. Photoelectron spectrum taken at the position of the 4d — 6p excitation at 65.1 eV. This spectrum has been corrected for
second-order light contributions by subtraction of nonresonant 4d~' Auger intensity. The line above the spectrum gives the
dispersion-corrected intensity integrated over kinetic energy.

T T T T T T v T T T
hv = 68.3 eV

> 67.0 eV
e
ot
5

>

< .
0

>|

& 5

& ~—

@

c

5 3

g 5

£ 5

a +
C
—

fl L 1

0 10 20 30 40 50 60
Kinetic energy (eV)

FIG. 5. Sequence of resonant (65.1, 67.0, and 68.3 eV) and
FIG. 4. Principal-level scheme of atomic Xe showing the ex- nonresonant photoelectron spectra taken at several energies in
citation and decay paths of the 4d — 6p resonance. the range of the 4d — np excitations.
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seen for the 55 and 5p,/, lines in Fig. 5. This insensitivity
of the main photoelectron lines to the discrete resonances
is the key point of the next subsection.

C. Direct recombination of the 4d hole

Direct recombination of a core hole is the process in
which the excited electron refills the core hole or leaves
the atom. This process (involved transition) is also re-
ferred to as autoionization into the main lines because the
final states reached are the nonresonant photoemission
main lines. In the case of Xe below the 4d threshold we
are dealing with 4d°5s25p®np—4d'%(5s +5p)’el transi-
tions.

The relative oscillator strength into the main-line chan-
nels is a direct measure of the interaction of the excited
Rydberg electron with the core hole and the valence elec-
trons and therefore tells us something about the localiza-
tion of this highly excited electron. Excitations to orbitals
of Rydberg character tend to decay via resonant-Auger
processes?’ corresponding to spectator satellite enhance-
ment and resonant shakeoff processes. Because we have
already seen qualitatively the predominance of the latter
processes in the preceding subsection, the question arises
as to the amount of decay via direct recombination. To
address this question, we have taken spectra of the 5p and
5s main lines in small steps in the resonance region. Fig-
ure 6 shows the pronounced effect of the resonances on
the 5p3,,:5p,,, branching ratio. In contrast to the
branching ratio, the partial cross sections can be less af-
fected, as seen in Fig. 7. This is in qualitative agreement
with earlier but less detailed measurements.?*

A quantitative analysis of the Fano-type profiles?® of
these partial cross sections was performed using the Fano
theory modified for partial cross sections.”3° The appli-
cation of this theory to photoemission experiments has
been explained in considerable detail by Kobrin et al.*!
and Lindle et al.* and will be only briefly reviewed. Spe-
cial emphasis will be placed on the problem of how to ap-
ply the theoretical approach to nearly Lorentzian absorp-
tion profiles and on the importance of interchannel cou-
pling among the continuum channels within this frame-
work.
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FIG. 6. 5p3,:5p1,, branching ratio in the energy range of
the 4d — np excitations.
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FIG. 7. (a) Partial cross sections of the spin-orbit components
of the 5p photoline between 63 and 70 eV. (b) Partial cross sec-
tion of the 5s photoline in the same energy region.

The curves drawn in Figs. 6 and 7 represent fits of
Shore-type profiles and ratios of Shore-type profiles to the
data, respectively. A Shore-type profile®® is a differently
parametrized Fano-type profile. In this parametrization
the partial cross section for a sequence of n noninteract-
ing resonances may be written as

n B+ Arex
og(E)= ———+C(E'") (1)
k§1 1+€
with
E—E;
€)= and E’=E—-El N
|

where E is the photon energy, I is the resonance widths,
and 4 and B are characteristic constants of the corre-
sponding resonance k which are related to the usual Fano
parameters ¢ and p’ of an absorption spectrum. In ab-
sorption, these parameters are directly proportional to the
interaction matrix element (® | ¥ | 1) between the excited
discrete state  and the continuum state u and the dipole
matrix elements between these two states and the ground
state g. However, simple relations do not exist for partial
cross sections because the observable photoemission chan-
nels are not equivalent with the prediagonalized states of
the Fano theory. Upon transformation of these states, a
general expression can be derived for the behavior of a
partial cross section o,(€) in the vicinity of an autoioniz-
ing resonance:

] 2
o le)=0y| |1+a, %—j—:—” . (2)
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The sign convention used here follows the paper of
Starace?® and is inverse to the sign convention of Combet
Farnoux.’

The parameter a, represents the fraction of the dipole
amplitude (g | r 1;5 that passes through the eigenchannel
1 and interacts with the discrete state:

(| V|w)

27
BT (g p) ?E<g|r|#><#|V|(D) . (3)

a, is in general a complex number because the effective
interaction matrix element (® | ¥ |u) is actually a sum
over the components of the observable photoelectron
channel in terms of the prediagonalized continuum chan-
nels (Fano channels). These components are complex due
to eigenchannel phase shifts resulting from the interaction
among the observable channels. Without this interaction
referred to as first-order interchannel coupling, the a pa
rameter becomes a real number because the phase shift for
all channels is constant. A general problem with this ap-
proach is the fact that each observable photoelectron
channel consists of degenerate subchannels with different
angular momenta. This difficulty allows the evaluation of
individual matrix elements and partial decay rates only in
special cases such as s-subshell photoionization. Even in
this case, additional information on the angular distribu-
tion of the outgoing photoelectrons is necessary in order
to quantitatively relate the squared average of the radial
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matrix elements to the average of the squared matrix ele-
ments which are related by the Schwartz inequality:

Re(a,)*+Im(a, )’ <(|a|?),. @)

For Xe, there are two additional problems with this ap-
proach.

(1) The absorption spectrum shows highly symmetric
Lorentzian-like line profiles,”!? corresponding to a large
but not accurately known g value. Formula (1) depends
on this absorption parameter g giving rise to large uncer-
tainties.

(2) The modulations in the 5s channel due to the
4d —np resonances are the weakest compared to the other
channels, including the 5p. Therefore, the 5s channel is
not the channel best suited for a quantitative analysis, al-
though in principle it is the most tractable. In order to
cope with these problems, the basic relations describing
autoionization were analyzed with respect to the special
case of large g and small s-channel contribution. The key
goals of such an analysis are to determine the order of
magnitude of the imaginary parts of Eq. (1) and to reduce
or eliminate the g dependence from this equation.

Using the Shore parametrization and the Schwartz in-
equality in the form

(Re{a), P+ (Im{a),)?=7(|a|?), (5)
with 0< ¥ <1, one finds for Re(a), and Im(a ),

i
21172
94, B A
+2C yiy—=1+y C+1 2C
Re<a>p= 2 ’
e+ ®
14
I =qRea———
m(a),=q Rea >C "
f
1 B A1
- 2 g (ady=>-% and (a?),= 2,41 9
Neglecting all terms of order 1/q* gives 2q C » ?+1|C + Cgq ®
Re(a),~—- A 7 We see that in the case of nearly Lorentzian absorption
a™ 2q [l profiles (a ), depends on the relative asymmetric modula-

This approximation is quite good for Xe 4d —6p with a g
value of g~200.” Substituting this approximation in the
expression for Im{(a ), yields Im(a ), =0 for all channels
in contrast to the general case of asymmetric absorption
profiles.>"3? This reduces the partial cross-section equa-
tion for a channel u containing N degenerate final states
to

(0]

(€)= li“ez [€+26q(a),+1—2(a),+(g2+1){a?),]

obl2g{a) e+ (g’ +1(a?),—2(a),]
= o, -
1+€ K
This corresponds to a Shore parametrization yielding the

following average a parameter in terms of the Shore pa-
rameters A, B, and C:

(8)

tion amplltude A /C, whereas the average (az) depends
only on the Lorentzian part B/C of the modulatlon am-
plitude of the cross section o,,(¢), to first approximation.
The average of the squared a parameter still depends on
the g value in the above approximation. To eliminate this
dependence we determine the resonance enhancement fac-
tor for the resonance position €=0 by the Fano formula
pgi—1)=2e=0=0r (10)
O
This relation remains valid even in the asymptotic case of
a Lorentzian line profile. Further, we use the sum rule
for the averages of the squared a parameters for all chan-
nels u,
o0
S Ela|?=p, (11)
t

m
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which is equivalent to the sum rule for the partial decay
widths ', /T
T, op (lal®y  au@*=D(|a|?),

= 12
r o p? o,(e=0)—0, 12

Now we are able to write the partial decay width for an
arbitrary channel u with N degenerate final states for
large q values directly in terms of the fitting parameters
A, B, and C:

= o,(e=0)—o0, 13

This equation gives I',/I" primarily as the Lorentzian
part B of the modulation amplitude of the partial cross
section o, relative to the total resonance enhancement at
the resonance position. The contribution of the asym-
metric part A4 to the partial decay width I',, is suppressed
by a factor proportional to the absorption value for g,
here equal to ~200. Therefore, the partial decay width
I, becomes in this case approximately equivalent to a
“relative excess transition probability” due to the discrete
state @, which also measures the symmetric part of the
modulation of the cross section only.?®

Table I gives the Shore parameters for the Ss and 5p
channels at the first and strongest resonance, together
with the partial decay widths derived from them using

25
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TABLE 1. Shore parameters 4, B, and C and partial decay
widths T',/T of the Xe 5s and 5p photoemission channels for
the 4d;,, —6p resonance.

Photoelectron
channel A [Mb] B [Mb] C [Mb] I'y/T%
5s —-0.1 0.01 0.285 0.07
S5p —0.287 0.054 0.686 0.4

o,(e=0)=14.18 Mb and o,=1.15 Mb.” We see that
direct recombination contributes less than half a percent
to the total decay rate of the 4d —6p excitation. The or-
der of magnitude of our result is consistent with absorp-
tion and ion-yield measurements. This extremely small
value shows the delocalized, diffuse character of the 6p
Rydberg electron.

Such Rydberg electrons tend to hybridize easily with
extended substrate electrons when the rare gas is absorbed
on a metal substrate. This allows the excited electron to
hop into the metal before the atomic Auger process
occurs. As a consequence, the subsequent decay of the 4d
hole would be in the absence of any excited-electron, nor-
mal d~! Auger decay yielding N-00 Auger lines with
constant kinetic energy instead of resonantly enhanced
spectator satellites as in the free atom. This effect has
been observed by Eberhard and Zangwill** for the Xe
4d —np resonances in Xe on Cu metal and discussed by
Wendin®® in the context of many-electron effects.
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FIG. 8. 5p3,:5p1,; branching ratio between 17 and 135 eV (closed and open circles and closed squares represent different sets of
data). The theoretical curves are a RRPA calculation by Huang et al. (Ref. 36) and a RTDLDA calculation by Parpia and Johnson

(Ref. 38).
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D. The 5p3,,:5p1,, branching ratio

The broad energy-range behavior of the 5p;,:5p:,,
branching ratio outside the 4d —np resonances is deter-
mined by the coupling between the 4d and Sp channels.
The RRPA (Ref. 36) has taken into account this intershell
coupling and describes the intensity sharing between these
two channels in very good agreement with the experi-
ment.’” This theory predicts an additional dip around 75
eV (Fig. 8). Our data seem to indicate a small dip close to
the 4d threshold. The difference in energy is probably
due to the overly high 4d threshold energy used in the cal-
culations. For comparison Fig. 8 also shows a relativistic
time-dependent local density approximation (RTDLDA)
calculation by Parpia and Johnson.*® A further RRPA
calculation for the Xe 4ds,:4d5, branching ratio® could
also be confirmed® in good agreement with very recent
measurements of Yates et al.*’ All these results in gen-
eral prove the capability of the RRPA to describe the 5p
and 4d photoionization process over a wide energy range
in considerable detail.

In conclusion, we have shown that resonant shakeoff
processes are important decay modes of the 4d —np exci-
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tations. There are indications that shakeoff also partici-
pates significantly in the decay of the shape resonance
above threshold. We have studied the direct recombina-
tion of the 4d hole (autoionization into the 5s and 5p
main lines) in sufficient detail to derive quantitative par-
tial decay widths. Application of the modified Fano
theory for partial cross sections yields less then 0.5% for
the contribution of direct recombination to the total decay
rate of the 4d hole state, showing the Rydberg character
of the excited np electrons.
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